Escherichia coli ribosomal protein S1 is composed of six repeating homologous oligonucleotide/oligosaccharide-binding fold (OB folds). In trans-translation, S1 plays a role in delivering transfer-messenger RNA (tmRNA) to stalled ribosomes. The second OB fold of S1 was found to be protected from tryptic digestion in the presence of tmRNA. Truncated S1 mutant Á2, in which the first and second OB folds were deleted, showed significantly decreased tmRNA-binding activity. Furthermore, the E. coli S1 homolog (BS1) from Bacillus subtilis, which corresponds to the four Cterminal OB folds of E. coli S1, showed no interaction with E. coli tmRNA, as judged by the results of a gel shift assay. Surface plasmon resonance analysis revealed that mutant Á2 and BS1 had decreased association rate constants (ka, 0:59 Â 10 3 M À1 ÁS À1 ; and ka, 1:89 Â 10 3 M À1 ÁS À1 ), while they retained the respective dissociation rate constants (kd, 0:67 Â 10 À3 S À1 ; and kd, 0:53 Â 10 À3 S À1 ), in comparison with wild-type protein S1 (ka, 3:32 Â 10 3 M À1 ÁS À1 ; and kd, 0:56 Â 10 À3 S À1 ). These results suggest that the second OB fold in protein S1 is essential for the recognition of tmRNA, while the four C-terminal OB folds play a role in stabilizing the S1-tmRNA complex.
Transfer-messenger RNA (tmRNA), also known as 10Sa RNA 1) or SsrA RNA, 2) is a stable RNA widely distributed among eubacteria as well as in some chloroplasts and mitochondria, and plays an essential role in a trans-translation. [3] [4] [5] [6] The 5 0 and 3 0 terminal regions of tmRNA are folded into a structure resembling tRNA Ala , 7, 8) while the middle region surrounded by four pseudoknot structures (pk1-pk4) forms an mRNA-like domain encoding a 10-amino acid proteolytic tag sequence (ANDENYALAA). [9] [10] [11] This structural organization enables the tmRNA to possess both tRNA and mRNA properties, and facilitates an unusual translational quality-control process known as trans-translation: the switching of translation from a cellular mRNA lacking a stop codon to the coding part of tmRNA, thus adding the tag peptide to the truncated polypeptide chain. As a consequence, tmRNA participates in the recycling of 70S ribosomes that are stalled on defective mRNAs, and also in the targeting of undesirable, potentially harmful proteins for proteolytic degradation. 5) In trans-translation, tmRNA is initially alanylated at the 3 0 end by alanyl-tRNA synthetase, and forms a quaternary complex with SmpB, EF-Tu and ribosomal protein S1 to enter into an empty A site of the stalled ribosome. 12, 13) SmpB, a small protein with an oligonucleotide/oligosaccharide-binding fold (OB fold), [14] [15] [16] has been shown to be essential for the peptide-tagging activity of tmRNA, 17, 18) and EF-Tu escorts aminoacylated tmRNAs to the A site of the stalled ribosomes. 19, 20) Ribosomal protein S1 is required for tmRNA binding to the ribosome. 21) Ribosomal protein S1, the largest ribosomal protein (68 kDa) in Escherichia coli, consists of 557 amino acid residues 22) and acts primarily to bind mRNA to the ribosomes. 23) Protein S1 has six repeating homologous OB folds throughout the molecule and is divided into two functional domains: the N-terminal region (positions ) is involved in binding protein S1 to ribosomes, 24) while the middle region (positions 224-309) participates in mRNA binding. 25, 26) The association of tmRNA with ribosomal protein S1 has been observed in photoaffinity labeling experiments. 21 ) UV cross-linky To whom correspondence should be addressed. Tel/Fax: +81-92-642-2853; E-mail: mkimura@agr.kyushu-u.ac.jp Abbreviations: OB fold, oligonucleotide/oligosaccharide-binding fold; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; SPR, surface plasmon resonance; tmRNA, transfer-messenger RNA ing has demonstrated that protein S1 is near U85, which is located five bases upstream of the resume codon, and contacts pseudoknots pk2-pk4. 21) Although cryo-electron microscopy has suggested that protein S1 is involved in unwinding of the helix near a resume codon, as well as in tmRNA entry into the ribosome by primarily interacting with a region encompassing the mRNA-like domain and pseudoknots pk2-pk4, 27) there is little information about the binding site(s) of tmRNA within protein S1. The present study shows that the second OB fold (positions 107-193) of protein S1 plays an essential role in the recognition of tmRNA, while the other four carboxyl terminal OB folds contribute to stabilizing the S1-tmRNA complex once the second OB fold has bound to tmRNA.
Materials and Methods
Materials. Restriction enzymes and the recombinant terminal transferase were respectively purchased from MBI Fermentas and Roche. The oligonucleotide primers and thermo sequenase fluorescent labeled primer cycle sequencing kit containing 7-deaza-dGTP were obtained from Amersham Pharmacia Biotech. Biotin-16-ddUTP was purchased from Roche, all other common reagents being purchased with the highest purity available.
Strains and plasmids. The T-easy vector and pET-23a and pET-32a expression vectors were obtained from Novagen. E. coli strains JM109 and BL21(DE3)pLysS were respectively used for routine transformation and for producing the recombinant proteins.
Preparation of tmRNA and ribosomal protein S1. E. coli tmRNA and ribosomal protein S1 were prepared as previously described.
21) The gene encoding B. subtilis tmRNA was amplified by PCR from genomic DNA by using specific primers. The resulting DNA fragment was digested with Apa I and Bam HI, and then cloned into the T-easy vector to yield plasmid pTBsSsrA. The E. coli S1 homolog (BS1) and tmRNA from B. subtilis were prepared in the same way as those used to prepare E. coli S1 and tmRNA. 21) Preparation of the deletion mutants. The genes encoding the deletion mutants of protein S1 were amplified by PCR from plasmid pETrpsA by using specific primers. The resulting DNA fragments, except for mutant Á3, were digested with Nde I and Xho I, and then cloned into plasmid pET-23a to yield plasmids pETÁ1, pETÁ2, pETÁ4, and pETÁ5. The amplified DNA fragment for mutant Á3 was digested with Nco I and Bam HI, and then cloned into plasmid pET-32a to yield plasmid pETÁ3. The deletion mutants were overexpressed in E. coli strain BL21(DE3)pLysS that had been transformed with the respective expression plasmid and purified to homogeneity in a His-Bind resin column as previously described.
21)
Tryptic digestion of protein S1 and the protein S1-tmRNA complex. The S1-tmRNA complex was prepared by incubating S1 (0.16 nmol) and tmRNA (10 pmol). Tryptic digestion was carried out in 50 mM Na-phosphate at pH 8.0 on ice for 2 h at an enzyme/substrate ratio of 1:1,000. Tryptic fragments were separated on SDS-PAGE, electroblotted to a PVDF membrane, and their N-terminal amino acid sequences analyzed by using a PSQ-1U gas-phase sequencer (Shimadzu).
Gel shift assay. The reaction mixtures contained [ 32 P]-labeled tmRNA (100,000 cpm), 20 units of RNase inhibitor (Toyobo) and an increasing concentration of protein S1 or its deletion mutants in a binding buffer (10 mM Tris-HCl at pH 7.5, 100 mM NH 4 Cl, 100 mM magnesium acetate, 1 mM DTT, 0.02% NP-40 and 100 g/ml of bovine serum albumin). After 30 min of incubation on ice, aliquots were analyzed by electrophoresis on 5% polyacrylamide gel in a TGE buffer (25 mM Tris, 190 mM glycine, 1 mM EDTA). The specific interaction between tmRNA and proteins was investigated by an RNA competitor assay, using [
32 P]-labeled tmRNA (100,000 cpm) mixed with a varying concentration of unlabeled tmRNA (1:0 Â 10 À7 -5:0 Â 10
and 5 M protein. The binding of tmRNA to protein was visualized and quantified by using an FLA-5000 system and Image Gauge software (Fuji Film).
SPR analysis. In vitro transcribed tmRNA was biotinylated with recombinant terminal transferase in the presence of biotin-16-ddUTP as recommended by the supplier. The reaction mixture was extracted twice with one volume of phenol, precipitated and then washed with 80% ethanol. After drying, the purified 3 0 -biotinylated tmRNA was dissolved in RNase-free water. The 3 0 -biotinylated tmRNA (1 M) in buffer A (50 mM Tris-HCl at pH 7.3, 6 mM -mercaptoethanol, and 1 M NaCl) was captured in a flow cell by manually injecting at a 2.0-l/min flow rate. A small amount of 3 0 -biotinylated tmRNA (about 400 resonance units) was used to coat the surface of the SA sensor chip. The biosensor assay was run at 37 C in buffer B (50 mM Tris-HCl at pH 7.3 and 6 mM -mercaptoethanol). All the proteins, except for Á2 and BS1, were injected into the flow cells for 2 min at a concentration of 5 M with a flow rate of 30 l/min. Proteins Á2 and BS1 were injected into the flow cells for 2 min at a concentration of 0.5 mM with a flow rate of 30 l/min. The association and dissociation phase data were simultaneously fitted by using a non-linear data analysis program.
Results and Discussion
Localization of the tmRNA binding site within protein S1
A limited tryptic digestion of E. coli ribosomal protein S1 has previously produced a core fragment which retained RNA-binding ability.
28) The cleavage site was localized at the peptide bond between residues Arg 171 and Ala 172 in the primary sequence of protein S1. This finding suggested an open, exposed structure in the region around Arg 171 , and the C-terminal region was assumed to be buried inside the molecule. Taking this data into consideration, we examined whether the trypsin cleavage site would be protected from trypsin in the presence of tmRNA. We therefore carried out a limited tryptic digestion of protein S1, either in the free form or in a complex with tmRNA, as described in the Materials and Methods section. Figure 1 shows results of the SDS-PAGE analysis of the tryptic fragments obtained by digesting the free S1 protein (Fig. 1A) and the S1-tmRNA complex (Fig. 1B) . Based on the Nterminal amino acid sequences and molecular weights, two fragments F1 and F2 were respectively localized at positions 172-557 and 89-557 in the protein S1 molecule (Fig. 1C ). These results demonstrate that cleavage site Arg 171 -Ala 172 within the second OB fold of protein S1 was protected from tryptic digestion by tmRNA, suggesting that the second OB fold was involved in binding tmRNA.
Contribution of the second OB fold to tmRNA binding
To examine the contribution of the second OB fold of protein S1 to tmRNA binding, the genes encoding five deletion mutants (Á1, positions 102-557; Á2, positions 180-557; Á3, positions 270-557; Á4, positions 362-557; Á5, positions 453-557) were constructed ( Fig. 2A) and overexpressed in E. coli BL21(DE3)pLysS. The mutant proteins were purified to homogeneity as described for the preparation of full-length protein S1 (Fig. 2B) . 21) The binding potency of each truncated protein S1 derivative to tmRNA was evaluated by a gel shift assay. Wild-type protein S1 and mutant protein Á1 displayed tight binding to tmRNA (Fig. 3A) , suggesting little contribution of the first OB fold to tmRNA binding. The binding activity of mutant Á1 was further investigated by using a competition assay. An increasing concentration of unlabeled competitor tmRNA from 0 to 5.0 mM was added to the binding mixture containing 10 5 cpm of [ 32 P]-labeled tmRNA and 5.0 M of protein (Fig. 3B) . The exchange rate of [ 32 P]-labeled tmRNA bound to the proteins in the presence of unlabeled tmRNA were calculated by using Image Gauge software. Figure 3B shows that the concentration of Tryptic digestion of S1 (A) and the S1-tmRNA complex (B) was carried out a in 50 mM Na-phosphate buffer with an enzyme to substrate ratio of 1:1,000 for the indicated times, and a portion of digest was analyzed on 15% polyacrylamide gel. M indicates marker proteins of bovine serum albumin (67.0 kDa), -chymotrypsin (25.6 kDa) and lysozyme (14.3 kDa). (C) Schematic representation of tryptic fragments F1 and F2. (A) Five deletion mutants of protein S1 were designed, overexpressed and purified as described in the Materials and Methods section. (B) Purified protein S1 (WT) and its deletion mutants (Á1-Á5) were analyzed on 15% SDS-polyacrylamide gel.
unlabeled tmRNA required to reduce tmRNA binding of mutant Á1 was approximately the same as that of the wild type. This finding indicates that the mutant Á1 protein specifically bound to tmRNA with a binding affinity comparable to that of wild-type protein S1, and demonstrates that the first OB fold was not involved in the interaction between protein S1 and tmRNA.
Bordean and Felden found two different complexes of protein S1 and tmRNA by gel shift assay and have proposed that several molecules of protein S1 interacted with tmRNA. 29) In contrast, as shown in Figs. 3A and 3B, one major band was detected in our analysis. Furthermore, the assumption that the stoichiometry of protein S1 and tmRNA was 1:1 gave the kinetic parameters of S1 for the interaction with tmRNA as described next. Although we have no appropriate explanation for the discrepancy, we therefore conclude that the stoichiometry of S1 and tmRNA was 1:1.
In contrast to protein Á1, deletion mutants Á2, Á3, Á4 and Á5 displayed significantly decreased RNAbinding activities (Fig. 3A) . Taken together with the tryptic cleavage data, these findings indicate that the second OB fold in protein S1 was essential for binding protein S1 to tmRNA.
Although the ribosomes in Gram-positive bacteria seem to lack protein S1, tmRNA-mediated trans-translation has been observed in B. subtilis grown under stress conditions (e.g. at a temperature above 49 C). Subsequently, Ito et al. have shown that B. subtilis tmRNA functioned in E. coli as well as B. subtilis and suggested that the rule for determining the tag-initiation point on tmRNA would be the same in Gram-positive and Gram-negative bacteria. 31) tmRNA binding in Gram-positive bacteria is thought to be facilitated by RNA-binding proteins such as initiation factor IF1 and cold-shock proteins. However, protein BS1 that is homologous to the four C-terminal OB folds in E. coli protein S1 has been identified in B. subtilis. 32) Protein BS1 approximately corresponds to deletion mutant protein Á2 prepared in this study. To corroborate the contribution of the second OB fold to tmRNA binding, we overproduced the BS1 protein and examined its binding potency to both E. coli and B. subtilis tmRNAs by using a gel shift assay. As shown in Fig. 3C , E. coli S1 bound to both E. coli and B. subtilis tmRNAs, whereas no BS1 in a complex with either tmRNA from E. coli and B. subtilis was detectable on polyacrylamide gel. This result demonstrates the contribution of the second OB fold to tmRNA binding, and also suggests that BS1 may not be involved in trans-translation in B. subtilis.
Kinetic analysis by using surface plasmon resonance (SPR)
To gain more insight into the mechanism for the interaction between S1 and tmRNA, surface plasmon resonance experiments were carried out with the BIAcore system. 3 0 -Biotinylated E. coli tmRNA was immobilized on the SA sensor chip for this purpose. Figure 4 shows typical sensorgrams of the association and dissociation of protein S1, deletion mutants Á1 and Á2, and BS1. It should be noted that although both proteins Á2 and BS1 produced no curve at a concentration of 5 M, dose-dependent binding was observed with increasing protein concentration, suggesting specific binding to tmRNA (Fig. 4B) . The kinetic parameters for proteins Á2 and BS1 were determined from sensorgrams obtained at a concentration of 0.5 mM. The values for the association rate constant (ka), dissociation rate constant (kd), and apparent association constant (Ka) were obtained from an SPR analysis under the assumption that the stoichiometry of the proteins and tmRNA was 1:1, these being summarized in Table 1 . The SPR measurements demonstrate that protein Á1 retained values for the association and dissociation rate constants comparable to those of the wild-type protein S1, this being consistent with the result obtained by the gel-shift assay. On the other hand, proteins Á2 and BS1 displayed decreased association rate constants, while the dissociation rate constants were comparable to those of wild-type protein S1 (Table 1) . It is thus likely that the second OB fold in S1 is required for the recognition of tmRNA, while the four C-terminal OB folds only participate in stabilizing the S1-tmRNA complex once S1 has bound to tmRNA. On the basis of our findings, we propose a model for the binding of tmRNA to protein S1, although we cannot exclude the possibility that the four C-terminal OB folds may not be involved in the interaction with tmRNA (Fig. 5 ). In this model, the second OB fold that is located on the surface of protein S1 binds to free tmRNA in the cytoplasm. This step, most likely involving pseudoknot pk2 (Wower and Zwieb, unpublished results), is followed by conformational changes which lead to unfolding of the pseudo- Proteins were injected at the times indicated and exposed to the surface for 120 s. This step was followed by a 60-s wash during which dissociation could be observed. The resulting parameter values are listed in Table 1 The values for the apparent association constants obtained by BIAcore were calculated from the relationship, Ka ¼ ka=kd.
knot-rich domain of tmRNA and establishing extensive contact between pseudoknots pk2-pk4 and the four Cterminal OB folds of protein S1, as exemplified by our earlier cross-linking studies. 21) Any contact between protein S1 and the tRNA-like domain or pseudoknot pk1 is unlikely, as protein S1 was unable to bind to a truncated tmRNA molecule lacking pseudoknots pk2-pk4. 21) Further structural and kinetic studies on the interaction between the second OB fold and tmRNA will be required to understand the molecular details of the proposed model. Binding of the second OB fold of protein S1 to tmRNA (left) is followed by conformational changes that lead to stabilization of the protein S1-tmRNA complex (right) through extensive contact involving pseudoknots pk2-pk4. Globes represent the six repeating homologous domains of E. coli protein S1.
